Abstract Submerged membrane bioreactors (MBRs) have been gaining in popularity in various types of wastewater treatment. One drawback of submerged MBRs is difficulty in removing nitrogen as they are accompanied with intensive aeration inside the reactor and therefore principally operated under aerobic conditions. In order to address this problem, a simple modification for submerged MBRs, insertion of baffles to create alternative aerobic/anoxic conditions, was proposed. In this study, the performance of the proposed baffled membrane bioreactor (BMBR) was investigated based on a pilot-scale experiment using a real municipal wastewater. With appropriate operating conditions, the BMBR could remove more than 70% of total nitrogen contained in the feed water without any external carbon source. The BMBR demonstrated a good treatment performance in terms of TOC and phosphorus removal as well. Increase of trans-membrane pressure difference was subtle, which might be attributed to the alternative creation of aerobic/anoxic conditions.
Introduction
Membrane bioreactors (MBRs) are rapidly gaining in popularity in the field of municipal wastewater treatment (Stephenson et al., 2000) . Especially, submerged type MBRs (Yamamoto et al., 1989) in which membrane modules are directly immersed in the bioreactors have been preferred due to their small footprint and low energy consumption compared with recirculated MBRs. Usually, intensive aeration is carried out in a submerged MBR. This accomplishes two things. First, supplement of oxygen to microorganisms and second, cleaning of the membrane. As a result of the intensive aeration, one drawback associated with submerged MBRs is obvious: poor removal of nitrogen. Regarding reduction of NH 4 þ (i.e. nitrification), submerged MBRs generally show good performances due to high concentrations of nitrifiers and aerobic condition provided by the intensive aeration. However, anoxic conditions required us to promote denitrification cannot be created under such a high intensity of aeration. One possible option to overcome this drawback is to install an additional anoxic reactor where denitrification occurs besides the aerobic MBR (Côté et al., 1997; Ueda and Hata, 1999; Rosenberger et al., 2002) . Mixed liquor is circulated between the two reactors at a fixed ratio. This type of MBR, however, apparently impairs the advantages of the submerged MBRs such as small footprint or ease of operation. In order to address the problems stated above, insertion of baffles into the membrane chamber was proposed by the authors. Although this approach proposed herein is rather simple, in combination with an appropriate method of feed water addition, it can significantly improve the performance of submerged MBRs by promoting simultaneous nitrification/denitrification. Preliminary experiments (Kimura and Watanabe, 2005) demonstrated the proposed baffled membrane bioreactor (BMBR) certainly worked well. This paper will describe the results obtained in a pilot-scale experiment with a real wastewater to examine the feasibilities of the proposed reactor.
Materials and methods
Concept of the Baffled Membrane Bioreactor (BMBR) Figure 1 shows the concept of the BMBR. An aeration bubbler is placed inside the inserted baffles. In the operation of the BMBR, membrane filtration is carried out in the constant flow rate mode and the flow rate of the raw wastewater feed is set at a higher value than that of filtration. When the water level is higher than the top of the baffles (Figure 1(a) ), the whole reactor is vigorously mixed by the aeration and kept aerobic. Addition of the raw wastewater is stopped when the water level reaches the set highest level. Then, the water level goes down due to membrane filtration and eventually goes below the top of the inserted baffles. From this point, the reactor is separated by the baffles and discriminated into two zones. The outer zone should become anoxic due to oxygen consumption by biomass while the inner zone should be kept aerobic due to the aeration (Figure 1(b) ). When the water level reaches the set lowest level, addition of the raw water is initiated and the liquid level is allowed to rise. The addition of raw wastewater must be done outside the baffles so that organic carbon contained in the raw wastewater can be utilized for denitrification. Eventually, the water level exceeds the top of the baffles and the outer zone should become aerobic again due to vigorous mixing provided by the aeration (Figure 1(a) ). Thus, in the BMBR, aerobic and anoxic conditions are alternatively created in the outer zone at a constant interval and therefore the improvement in nitrogen removal is expected in comparison to normal submerged MBRs, which are principally aerobic.
Experimental apparatus
Continuous operation of a pilot-scale BMBR was conducted at an existing municipal wastewater treatment facility (Soseigawa Wastewater Treatment Plant, Sapporo, Japan), receiving the wastewater through combined sewer pipes. Temperature of the raw wastewater often decreased below 10 8C during the winter season, which makes biological treatment (especially nitrification) difficult. The BMBR used in this study was equipped with 6.0 m 2 of flat-sheet type micro-filtration (MF) membranes (Toray, Japan). Nominal pore size and material of the membrane were 0.1 mm and polyvinylidenfluoride (PVDF), respectively. Effective volume of the BMBR was 500 L, in which the ratio of the outer zone to the inner zone was approximately 2.2 when the water level was at the top of the inserted baffles. Aeration rate was fixed at 110 L/minute. As a result, dissolved oxygen concentration inside the baffles was always maintained above 5 mg/L. The authors had been examining "the hybrid wastewater treatment system" which is composed of precoagulation/sedimentation and a MBR . By carrying out the pre-treatment, enhanced removal of organic matter and phosphorus, and mitigation of membrane fouling can be achieved. The present study was conducted in the series of examination of the hybrid wastewater treatment system. Namely, the wastewater treated by coagulation and sedimentation processes was introduced to the BMBR as the feed water. Iron-based coagulant, poly-silicato iron (PSI) (Hasegawa et al., 1991) , was used as a coagulant. Dose of PSI was fixed at 10 mg-Fe/L.
Operating conditions
In this study, the constant flow rate mode of filtration was employed. Therefore, the required transmembrane pressure difference increased as the operation period became longer. Membrane flux was fixed at 0.4 m 3 /m 2 /d in this study. Hydraulic retention time (HRT) in the reactor was approximately 5 hours. Intermittent operation of the suction pump (15 minutes operation and 1 minute pause) was also carried out. The continuous operation was initiated, and various water quality indices were monitored beginning on 4 November 2003 after acclimatization of biomass was confirmed. The operation was continued for approximately three months. The experimental period was divided into two phases (Runs 1 and 2). In Run 1, from 4 November 2003 to 5 December 2003, existence of the optimum OTPC (defined later) was explored with a fixed MLSS concentration of 10,000 mg/L at which concentration severe membrane fouling was not expected . In Run 2, from 5 December 2003, MLSS concentration was allowed to rise by abandoning sludge extraction. As a result, MLSS concentration exceeded 20,000 mg/L in Run 2.
Results and discussion
Optimum Operation Time Per Cycle (OTPC) for the BMBR
In the operation of the proposed BMBR, the length of time that the system is aerobic/ anoxic is obviously influential on denitrification efficiency. Operation time per cycle (OTPC) is defined herein as the time length that is required to complete one operation cycle. In the first phase of the continuous operation (Run 1), the optimum OTPC that could maximize nitrogen removal efficiency was explored. The OTPC was changed by adjusting the position of the water-level sensor that controlled the operation of the feed pump. Figure 2 shows the time course change in T-N concentrations in the feed water and the permeate in Run 1. The data shown in Figure 2 were obtained with various OTPCs. T-N concentration was obviously reduced by the BMBR process, demonstrating þ -N in the permeate was always maintained below 0.5 mg/L regardless of the length of the OTPC while T-N concentration in the permeate was apparently affected by the OTPC. Under the tested conditions, the optimum OTPC seemed to exist around 30 minutes. Figure 4 shows time course changes of dissolved oxygen concentration measured outside the baffles at three different depths (numbers in Figure 4 are the distances from the top of the reactor). Figure 4 With the shorter OTPC (20 minutes), mixture between aerobic inside and part-time anoxic outside was made so often that dissolved oxygen could not be depressed enough to promote denitrification.
During Run 1, increase in trans-membrane pressure (TMP) was minimal (data shown later) and consequently membrane filtration could be stably continued. Creation of alternative aerobic/anoxic conditions might be beneficial for mitigation of membrane fouling in the operation of the BMBR.
Performance of the BMBR with high MLSS concentrations
In operations of MBRs, maintaining extremely high MLSS concentration is not necessarily good since it often causes severe membrane fouling. To avoid severe membrane fouling, MLSS concentration was kept around 10,000 mg/L in Run 1, according to the results of who used hollow-fiber submerged MBRs operated with the same feed as this study. However, judging from the extremely slow increase in TMP observed in Run 1, it was likely to be possible to continue a stable membrane filtration with the BMBR even at a higher MLSS concentration. In order to examine this point, extraction of sludge was abandoned on Dec. 1 in 2003 and MLSS concentration in the membrane chamber was increased to see the reactor performance at a higher MLSS concentration (Run 2). The OTPC was fixed at 29 minutes in Run 2. Figure 5 shows changes in TMP. As a result of the abandonment of sludge extraction, MLSS concentration started to increase and eventually exceeded 20,000 mg/L at which the MBRs with hollow-fiber membrane expressed difficulty in filtering the mixed liquor . In the present study, increase in TMP Figure 3 Relationship between the OTPC and nitrogen concentration in the permeate K. Kimura et al. was not significant even after the abandonment of sludge extraction and membrane filtration could be continued stably. One exception can be found around 8 December 2003, when a sudden increase of TMP was observed. At that time, membrane fouling was so serious that chemical membrane cleaning (sodium hypochlorite and hydrochloric acid) was needed to restore the membrane permeability. This sudden membrane fouling might be attributed to a sudden drop of water temperature. After the membrane cleaning was carried out, increase of TMP was very slow although the MLSS concentration was very high. This stable membrane filtration could be partly attributed to the use of a flat sheet type of membrane, which is free from inter-fiber clogging. Another possible explanation might be that creation of alternative aerobic/anoxic conditions would be beneficial to maintain good membrane permeability, as mentioned before.
As described before, in Run 1, concentration of total nitrogen in the permeate could be reduced to around 10 mg-N/L under the best operational conditions (i.e. OTPC of 29 minutes). In Run 2, where MLSS concentration was allowed to increase above 20,000 mg/L, however, better reactor performance compared with Run 1 was recognized. Figure 6 shows change in T-N concentration observed in Run 2. In Figure 6 , a few data of the feed water are lacking due to failures in sampling. Judging from the data of inorganic forms of nitrogen (data not shown), however, comparable T-N concentration (e.g. 20 , 25 mg/L) could be assumed for those missing data points. Although the water temperature was lower in Run 2 than was recorded in Run 1 (i.e. around 15 8C), total nitrogen concentration was decreased as low as 6 mg-N/L in Run 2. One explanation for the better performance in Run 2 was the improvement in the creation of an anoxic environment. This was confirmed by dissolved oxygen measurement. Figure 7 shows variations of dissolved oxygen concentration at different depths measured in Run 2. In Run 1, the aerobic zone was recognized in the bottom part of the outside of the baffles (data not shown), which probably limited the denitrification performance of the proposed BMBR. In contrast, the creation of an anoxic environment could be achieved even in the bottom part of the reactor (e.g. a depth of 130 cm) in Run 2. This was probably due to the high concentration of MLSS, which eventually promoted better denitrification in Run 2.
Regarding organic carbon and phosphorus removal, the BMBR showed a very good performance throughout Run 2. Table 1 shows average water quality of the feed water and the permeate observed in Run 2 in terms of TOC, T-P and NH 4 þ -N. As shown in Table 1 , nitrification was almost completed in Run 2. For good denitrification with the BMBR, it is essential to create a sufficient anoxic condition outside the baffles. One approach to achieve this is to alter the OTPC, which was examined and described above. Reduction of aeration intensity can create good anoxic conditions as well. In order to preliminarily examine the influence of the aeration rate on the reactor performance, the aeration rate was reduced from 110 L/min to 55 L/min at the end of Run 2. This was expected to promote more significant denitrification. However, this did not enhance reduction of T-N, implying denitrification was already limited by the amount of available organic carbon. In this experiment, coagulation/sedimentation was carried out as pre-treatment for the BMBR, which certainly removed available organic carbon in the wastewater that could be used for denitrification. In Run 2, the average C/N ratio calculated for the feed water to the BMBR was 2.1, which was probably not enough for an ample biological denitrification. When the BMBR is used without such a pre-treatment, more significant reduction in T-N will probably be achieved while the advantages associated with the pre-treatment (e.g. phosphorus removal or mitigation of membrane fouling) might be impaired. This issue is currently under examination.
The reduction in the aeration rate brought about a sudden increase in TMP. However, the membrane permeability was almost completely restored by spraying pressurized water on the membrane surface and therefore chemical cleaning was not needed. Judging from this observation, reducing the air flow rate would cause a deposition of biomass on the membrane surface (reversible type of membrane fouling). Thus, caution must be taken when the aeration rate is reduced although it would enhance denitrification performance of the BMBR.
Summary
In this study, the performance of the proposed baffled membrane bioreactor (BMBR) was examined based on a pilot-scale study. Important findings obtained in this study can be summarized as follows:
The optimum OTPC that maximizes denitrification performance of the BMBR seems to exist. With such an OTPC, anoxic conditions can efficiently be created outside the inserted baffles, which leads to good denitrification. However, the optimum OTPC would be interrelated to other operating parameters (e.g. MLSS concentration) and therefore would have to be determined separately for each type of system configuration.
T-N concentration in the treated water could be reduced as low as 6 mg/L with the proposed BMBR operated under a high MLSS concentration (i.e. . 20,000 mg/L) even when water temperature was around 12 8C. Considering the fact that the BMBR received the wastewater with a low C/N ratio due to the pretreatment in this study, it is certainly possible to achieve further reduction of T-N concentration in the treated water when wastewater without such a pre-treatment is fed.
Increase in TMP in the operation of the BMBR was generally quite slow. Alternative creation of aerobic/anoxic conditions and/or employment of a flat-sheet type of membrane might be beneficial for maintaining high membrane permeability. A sudden drop of water temperature would cause a severe irreversible membrane fouling. Also, reduction of the aeration rate inside the baffles, which would be desirable for creation of anoxic condition outside the baffles, brought about reversible membrane fouling via deposition of biomass on the membrane. Our proposal for improvement of the performance of existing MBRs, just inserting baffles, can be applied to almost all of the submerged MBRs. However, there is still plenty of room for improvement in the reactor performance. For instance, as observed in this study, the aerobic zone might exist outside the baffles, especially in the bottom section of the reactor. This would be addressed by modification of the shape of the baffles or the position of the aeration bubbler.
